The development of high-resolution greenhouse gas (GHG) inventories is an important step towards emission reduction in different sectors. However, most of the spatially explicit approaches that have been developed to date produce outputs at a coarse resolution or do not disaggregate the data by sector. In this study, we present a methodology for assessing GHG emissions from the residential sector by settlements at a fine spatial resolution. In many countries, statistical data about fossil fuel consumption is only available at the regional or country levels. For this reason, we assess energy demand for cooking and water and space heating for each settlement, which we useas aproxy todisaggregateregionalfossil fuel consumption data. As energy demand for space heating depends heavily on climatic conditions, we use the heating degree day method to account for this phenomenon. We also take the availability of energy sources and differences in consumption patterns between urban and rural areas into account. Based on the disaggregated data, we assess GHG emissions at the settlement level using country and regional specific coefficients for Poland and Ukraine, two neighboring countries with different energy usage patterns. In addition, we estimate uncertainties in the results using a Monte Carlo method, which takes uncertainties in the statistical data, calorific values, and emission factors into account. We use detailed data on natural gas consumption in Poland and biomass consumption for several regions in Ukraine to validate our approach. We also compare our results to data from the EDGAR (Emissions Database for Global Atmospheric Research), which shows high agreement in places but also demonstrates the advantage of a higher resolution GHG inventory. Overall, the results show that the approach developed here is universal and can be applied to other countries using their statistical information.
Introduction
Climate change has resulted in a number of observable impacts on Earth, e.g., rising temperatures, melting ice caps, and increasing frequency and severity of extreme events (IPCC 2014) . The main cause of anthropogenic climate change is the use of fossil fuels, which generate greenhouse gas (GHG) emissions. To meet the targets of the 2015 Paris climate agreement and limit the rise in global temperatures to less than 2°C, there is an urgent need for the rapid decarbonization of cities since they contribute to 70% of global GHG emissions (Solecki et al. 2018 ). Yet at present, national or citywide estimates of GHG emissions inform most policymaking, which are inadequate for the development of mitigation and adaptation strategies (Bai et al. 2018) . Therefore, new approaches and methods are needed to provide stakeholders with additional insights for the development of national policies aiming to reduce GHG emissions in different sectors, including the residential sector.
The emissions related to fossil fuel and biomass consumption are usually calculated at an aggregate level, i.e., the total fossil fuel consumption is multiplied by emission factors and calorific values, where average values at the national or citywide levels are used based on IPCC (2006) guidelines. However, these aggregate values do not generally represent reality since the structure of fossil fuels used differs spatially for many reasons. Fossil fuel consumption is not distributed uniformly across space because it differs by area and because of the different technologies employed. Hence, more reliable and finer scale GHG emission inventories are required that take individual residences, factories, and roads into account (Bai et al. 2018) . Therefore, the objective of this study is to develop a spatially explicit GHG inventory for the residential sector that can help policymakers and practitioners gain a better understanding of the spatial variability of emissions and target the implementation of new technologies in high emission areas to propose optimal strategies to local authorities for structural changes in the use of fossil fuels and the implementation of low carbon technologies. More detailed spatially explicit hybrid "bottom up"-"top down" approaches to the generation of GHG inventories will also lead to more accurate values at the citywide and national levels.
The traditional method of developing spatial inventories of GHGs is to create gridded emissions, which have historically been at resolutions of 1 to 0.25°latitude/longitude (e.g., Andres et al. 2009; Rayner et al. 2010) . There have been subsequent improvements to the resolution, e.g., the EDGAR (Emissions Database for Global Atmospheric Research) data set at 0.1°(11 km) (Janssens-Maenhout et al. 2017 ),~7 km from Kuenen et al. (2014) ,~1 km (Oda and Maksyutov 2011) , and similar resolutions for regional studies (e.g., 1 km for Beijing and neighboring regions by Cai et al. 2018) . Some approaches have involved disaggregating national GHG data using some type of proxy, e.g., nighttime lights (Ghosh et al. 2010) or road networks (Boychuk et al. 2012 ) while other methods have combined point source data with nighttime lights (Oda and Maksyutov 2011) . Some of the gridded outputs from previous research refer only to the total GHG emissions at the global, national, and regional/local levels and hence they are not available for separate sectors (Andres et al. 2009; Rayner et al. 2010; Ghosh et al. 2010; Cai et al. 2018) or they separate only big point and non-point emission sources (Oda et al. 2018 ). An exception is the EDGAR (Janssens-Maenhout et al. 2017 ) and the residential wood combustion data set at a 7-km resolution (Denier van der Gon et al. 2015) , but both are still quite coarse in terms of resolution when more detailed spatial distributions, e.g., at an urban scale, are required.
Thus, what is currently needed are new methodologies for creating spatial inventories of GHG emissions at a finer resolution than existing products for each sector including the residential sector. Although there are many categories of human activity that cause GHG emissions, there are huge uncertainties in the estimates of emissions from the residential sector. This is due to variations in meteorological conditions across regions, the availability of energy sources, and cultural differences that lead to different demand patterns for household energy. Yet, GHG emissions from this sector are large, e.g., Levine et al. (2007) estimate that direct emissions from the residential sector are on the order of 3 Gt CO 2 -eq per year at the global scale. Other more recent estimates suggest that the residential sector is responsible for 27% of total energy consumption, which contributes to 11% of global CO 2 emissions (Nejat et al. 2015) . Direct CO 2 emissions from the residential sector for the European Union (EU) are only slightly larger at 11.5% (EEA 2016). However, the unique feature of the residential sector is that it is possible to achieve emission reductions by either reducing direct emissions using energy from indirect sources (such as electricity) by augmentation from renewable sources or directly reducing direct emissions through modernization (e.g., through insulation of buildings) or the use of renewable energy sources by households. No other sector has such a wide potential for improvement.
The main source of GHG emissions in the residential sector is the burning of fossil fuels and biomass by households. Thus, the energy demand across all households must be estimated, which is defined as the total energy needed for cooking, water and space heating by residents, and for the purpose of keeping animals/livestock. This demand depends on factors such as behaviors related to cooking and water use, the size of the household and its energy efficiency, the living area, and the climate conditions. Energy may be supplied from centralized/public sources (such as a central hot water supply, district heating, and electricity) or from direct emissions through household energy sources such as the burning of coal, natural gas, or biomass (Jones and Kammen 2014) .
Residential energy demand can be estimated directly or indirectly. Direct estimation involves obtaining consumption statistics from energy companies, the visual inspection of buildings, and the use of consumer questionnaires. The direct approach requires a considerable amount of effort and cost in data collection, especially when the analysis is performed for large areas, i.e., at the national or even global levels. Indirect estimation makes use of population density data, the spatial characteristics of the area, the climate conditions, available statistical data about household living conditions, the total living area, etc. This information is combined and used to model energy demand for each mapping unit. There has been some previous research into the development of GHG inventories in the residential sector at different levels, e.g., residential wood combustion in Europe at a 7-km grid (Denier van der Gon et al. 2015) , at the regional level in Germany (Miehe et al. 2016) , for 125 of the largest urbanized areas in the USA (Lee and Lee 2014) , for 60 of the largest cities in India (Ahmad et al. 2015) , for Salt Lake County, Utah, USA (Patarasuk et al. 2016) , and for the Beijing region (Liu et al. 2016) .
The aim of this paper is to develop a universal, indirect approach to the estimation of highresolution GHG emission inventories in the residential sector, and to demonstrate this approach through implementation in Poland (PL) and Ukraine (UA). They are neighboring countries with quite similar climatic conditions, they both had similar planned (non-market) economies after World War II, and the technologies and equipment used in the past and present are not modern. However, they differ from the point of view of the residential sector, i.e., the Polish economy is largely dependent on domestic coal supply, while Ukraine's economy is more reliant on natural gas with a domestic gas supply, a very well-developed transportation system for natural gas from Russia to Europe and a small emission coefficient for natural gas. After 1980-1990, both PL and UA moved to a market economy, which encouraged a move towards energy efficiency. PL joined the EU but then encountered problems with meeting internal obligations regarding reductions in coal use. Diversification of the national energy mix requires large investments and has led to social protests by miners. UA is trying to become self-sufficient in natural gas but the UA economy is far from energy efficient, especially in the residential sector where there is currently little household investment in building and heating system modernization or in adopting renewable energy sources. Moreover, the cost of centralized heating has become more expensive than individual heating so there has been an increase in the number of households that have converted their heating systems to biomass, resulting in higher direct emissions. Thus, both countries have different residential energy demands within a changing economic environment. The CO 2 emissions from the residential sector in PL and UA are both higher than the EU at 15.0% and 13.3%, respectively (OECD/IEA 2014).
The methodology outlined in this paper is a gridded approach that is based on elementary objects with homogenous population density (i.e., area-type emission sources), which are represented as polygons on a vector map. The size of elementary objects depends on how detailed the population map is. In countries with well-developed geospatial databases, these data may be available as micro-data (with certain restrictions) at the level of building blocks (e.g., in Austria), at the level of homogenous areas at resolutions of 100 m, 1 km or another resolution as is the case for most European countries, or at the level of settlements as is the case for Ukraine. Unlike gridded approaches, the information on the administrative assignment of each object is retained, which means that the data can be aggregated to any administrative level (even small areas such as municipalities) without losing any information or accuracy. The lowest possible level (such as a municipality) is used, where the activity data are disaggregated to elementary objects, taking into account spatial data on meteorological conditions, population density, and the availability of energy sources. The emissions by different types of fossil fuels and biomass as well as GHGs are then estimated separately. The outputs from this method are independent of any grid size (see Hogue et al. (2017) in this special issue) so can be converted to a grid of any size, for the calculation of total emissions from very diverse emission sources (i.e., point-, line-, and area-type sources in other categories of human activity). This paper complements the high-resolution spatially explicit emission inventory undertaken for the agricultural sector (see Charkovska et al. (2018) in this special issue) and for all sectors (see Bun et al. (2018) in this special issue) in Poland. These studies were conducted within the European Union FP7 Marie Curie Actions IRSES project no. 247645, acronym GESAPU.
Study areas and input data
In this study, we apply the proposed methodology to two countries: Poland, as an example of an EU country, and Ukraine as a non-EU country (Fig. 1) . Poland represents a country with a well-developed statistical reporting system, where most of the data are available from online databases. Poland follows EU regulations for collecting statistical information since these data are forwarded in an aggregated form to Eurostat, the statistical office of the EU. In Ukraine, only some statistical data are available online. Enquires for data were made to all statistical departments in Ukraine at the district level but only some departments responded. Thus, data at the district level were used where available; otherwise, regional level data were used. The two study areas are described in more detail below, along with the input data collected and used in the analysis.
Poland
Poland occupies an area of 312,685 km 2 and has a population of around 38.16 million for the year 2010, which makes it the ninth most populous country in Europe (Eurostat n.d.). Around 61% of the population lives in urban areas, with the remaining in rural locations. The territory of Poland is divided into 16 administrative units called voivodeships or referred to in English as region. The area of these units ranges from less than 10,000 km 2 for the Opole province to more than 35,000 km 2 for the Masovian region. Every region is subdivided into powiats (referred to in English as districts) with a further subdivision into gminas (or municipalities in English). Currently, there are 2478 municipalities in Poland, where 307 municipalities are urban, 1584 are rural and the remaining 588 municipalities are an urban-rural mixture.
Southern Poland is the most populated region, containing the largest conurbation in the country, which is also one of the largest in the EU, with around 2.7 million people. The Katowice urban area consists of about 40 cities and towns. However, the whole Silesian metropolitan area consists of over 50 large settlements. This metropolitan area has a population of about 5 million. The least populated regions are located in northern Poland, in particular the West Pomeranian and Warmian-Masurian regions.
According to the last national inventory report submitted to the United Nations Framework Convention on Climate Change (UNFCCC) secretariat by Poland, the total amount of GHG emissions (excluding the land use, land-use change, and forestry (LULUCF) sector) in 2010 was 402 Mt in CO 2 -equivalent including 41 Mt in the residential sector (10.2% of total emissions) (UNFCCC 2016). Compared to the base year, the 2010 total GHG emissions in Poland decreased by 28.8% compared to 565 Mt in the base year (1988) . 
Ukraine
Ukraine is the largest country that is entirely situated within Europe, with a total area of around 603.63 thousand km 2 . The population was 45.87 million in the year 2010, making it the eighth most populous country in Europe (World Bank 2018). Around 68.7% of the population lives in urban areas and 31.3% in rural areas in 2010 (UkrSTAT 2017). Over one-third of the urban population is concentrated in the ten most populated cities. The territory of Ukraine is subdivided into 24 regions and the autonomous republic of Crimea, with further subdivision into districts. The two cities of Kyiv and Sevastopol have special legal status and therefore most of the statistical information for these cities is not aggregated to regional totals. The highest population density is in the Kyiv region, the Dnipropetrovs'k and Donetsk regions in Eastern Ukraine, and in the Lviv region in Western Ukraine, with greater than 110 people per km 2 . The lowest population density is in regions with the highest rate of forest cover, wetlands, soils with low fertility (in northern Ukraine, some regions in western Ukraine), and in the dry areas of the steppe regions in central Ukraine. Total GHG emissions in Ukraine in 2010 were slightly lower than in Poland-383 Mt in CO 2 -equivalent (without LULUCF), including 40 Mt in the residential sector (10.4% of total emissions) according to the national inventory report submitted to UNFCCC (2016) . The emissions in 2010 decreased by 58.78% compared to 930 Mt in 1990.
Input data
Both in Poland and Ukraine, statistical data on fossil fuel consumption in households are published at the regional or national levels (GUS 2017; UkrSTAT 2017) but only the data about natural gas consumption in Poland are available at the level of municipalities. In order to spatially disaggregate these regional totals (of activity data) to settlements as elementary area-type emission sources in our study or to a continuous spatial grid, some proxy data are needed on the following: population density; energy consumption rates; data on livestock numbers; the living area of inhabitants; heating degree days (HDD); central heating by energy source; and total living area with a central gas supply. A summary of the input data used in this study is provided in Table 1 and described in more detail below.
The energy needed for cooking in households is considered separately for families and for livestock. The former is calculated based on the population density and energy consumption rates per person. Gridded population density for Poland at a resolution of 100 m is available from the Joint Research Center of the EU (Gallego 2010) . The data for 2000 were extracted for Poland and converted to a vector format, which were then overlaid with administrative boundaries and multiplied by the area of emission sources (settlements) and the relative change in population 2000 -2010 (GUS 2017 in order to obtain a population map adapted to our GHG spatial inventory. For Ukraine, we used a map that was created from settlement coordinates and the household census for 2010 (Danylo 2015) .
For livestock, energy consumption rates distinguish between livestock feed cooking (for each animal category) and water heating for drinking or sanitary needs. Data on livestock numbers per animal category are published at the district level (sheep and goats), and at the municipality level (cows, pigs, and horses) by BDL (2016). As we estimate GHG emissions on Myhre et al. (2013) a high-resolution grid, we need to disaggregate the livestock data. There are two possible approaches: (1) the CAR method described in Charkovska et al. (2018) in this special issue, or (2) proportionally to the population density. As energy needs associated with livestock feed and cooking and water heating for drinking and sanitary needs are much lower than those related to burning fossil fuels for household energy demand, we used the second approach. Therefore, it was assumed that livestock density per km 2 in rural areas is proportional to the population density within districts for sheep and goats, and within municipalities for cows, horses, and pigs. For Ukraine, livestock data are only provided by statistical departments at the regional level; therefore, these data were disaggregated proportionally to the rural population by administrative unit. The number of HDD for Poland and Ukraine was estimated spatially using gridded data of daily temperature for Europe at a 25-km resolution (Haylock et al. 2008) . The long-term HDD average was calculated based on long-term temperature observations from the same data set .
Energy demand per square meter of living area (Q sqm h;year ) depends on building characteristics (e.g., the number of floors, year of construction), the climatic features of a region (e.g., number of HDD), intensity of building use (e.g., working hours or the day of the week, which represents the variations in building use during the week), and heat energy losses due to entrances/exits and ventilation. For Poland, the data are available from Żurawski (2008) for several construction periods while for Ukraine the numbers were taken from norms of consumption of thermal and electric energy for Ukraine.
Information about the living area of inhabited dwellings by age of construction (A year ) for Poland is available from the dwelling census (GUS 2017), which was conducted in 2002 at the level of districts for the following periods: before 1918, 1918-1944, 1945-1970, 1971-1978, 1979-1988, and 1989-2002 (including buildings under construction) . Since these periods do not coincide exactly with the years of available data on Q sqm h;year , it was assumed that the living area was constructed uniformly over each period. Since information for the years 2003-2010 is missing, this was estimated by extracting the living area constructed before 2003 from the relevant data at the beginning of 2011. For Ukraine, there is no detailed information about year of construction of the buildings. The living area of the buildings is reported as the average area per person in rural and urban areas for certain regions or districts (if provided by a specific regional department).
Data about individual central heating is available at the district level for Poland (GUS 2017) with a division into several subcategories by energy sources (i.e., electricity, solid, and gaseous fuels). These indicators were used to calculate the percentage of energy demand for space heating that is not covered from the centralized energy supply.
Natural gas consumption depends on the accessibility to the gas network. It was assumed that the energy demand for household needs that are not supplied centrally is covered by burning natural gas, whenever a gas network is available. The data about the percentage of total living area equipped with centralized gas supply was obtained from the National Statistical Office available at the level of municipality for Poland (GUS 2017) .
For Ukraine, the data about access to central heating, the gas network, and hot water supplies are only available at the regional level. More detailed information can be requested from statistical departments; however, usually not all of them respond. Where the data were provided, we used information about access to central heating at the district level; otherwise, we used only regional data. In Ukraine, statistical data are reported separately for rural and urban areas, which we use in our approach.
Methodology
To distribute the regional totals of fossil fuels to a finer spatial resolution and assess the GHG emissions, we have developed an approach for the spatial assessment of energy demand, which is used later as a proxy for activity data disaggregation. According to the IPCC guidelines, in each sector we account only for direct emissions. Therefore, emissions from electricity generation and heat production are not considered in this study. However, the approach outlined here allows for allocation of GHGs from these sectors using energy estimates from our study as a proxy.
The procedure for developing a spatial GHG inventory for the residential sector consists of the following steps (Fig. 2): (1) preparation of input data; (2) assessment of energy demand at the level of elementary geographical objects (i.e., households or settlements); (3) disaggregation of the regional data on burnt fossil fuels to the level of elementary objects using the estimated energy demand; (4) the estimation of GHG emissions spatially; and (5) visualization of results. These steps are described in more detail in the sections that follow.
Energy demand assessment
Energy demand is calculated at the level of settlements as the minimum mapping unit (unlike a regular grid as in traditional approaches), which is the sum of the energy needed for cooking and water and space heating. The energy needed for cooking is considered separately for families and for livestock owned by households. The former is estimated based on population density and the energy consumption rates per person. For livestock, we distinguish between the energy needed for feed cooking and water heating for drinking and sanitary needs. The average energy amounts differ by livestock type. If detailed data about the spatial distribution of livestock are not available as it is for Ukraine, then we assume that the majority of livestock is kept in rural areas and is proportional to the population density.
The estimation of energy demand for water heating distinguishes between warm and cold periods of the year, denoted respectively as Q 
where p i is the population in an elementary object/settlement ξ i , n 0 is the duration of the heating period, and n is the number of days with hot water consumption, which is usually less than a full year to account for traveling and holiday. The average energy demands N summ av and N wint av are estimated as follows:
where C is the heat capacity of the water and T hot = 55 o C is the hot water temperature. Due to the absence of reference data, a temperature for cold tap water is assumed to be T wint = 5 o C for a cold period and T summ = 15 o C for a warm period based on governmental regulations, and β is a correction factor reflecting a decrease in the amount of water consumed during the warm period of the year. The daily norm of water consumption (g norm ) differs depending upon the country being considered. The total amount of energy required to provide a comfortable indoor temperature depends on the characteristics of the building (e.g., the number of floors, the year of construction), Fig. 2 Steps to assess the greenhouse gas emissions in the residential sector climatic features of the region (e.g., the number of heating degree days (HDD)), the intensity of building use (e.g., working time or day of the week), and heat energy losses due to several factors such as the number of entrances/exits and ventilation. HDD are determined based on the daily average temperatures taking into account the duration of the heating period. The total energy demand for space heating in the elementary object (i.e., area with homogeneous population density) is determined as the sum of the heat energy needed for space heating for all buildings in the settlement. This value is estimated for an elementary object ξ i using average indicators of heat energy needed for heating 1 m 2 of living space as follows:
where Q sqm h;year is the energy demand per square meter of living area constructed in the year under investigation in the elementary object ξ i , k HDD is the relative change in the amount of HDD, and LA year is the living area per person (square meter) in buildings that are constructed in the year under investigation.
A relative change in the number of HDD (k HDD ) characterizes how cold a heating period was in comparison to an average winter. It is estimated as the number of HDD for the year under investigation divided by the long-term HDD average. The long-term HDD average is calculated based on long-term temperature observations. Yearly HDD are the sum of the daily deviations of the mean temperature from a heating base temperature. The daily deviation of the mean temperature is calculated only for those days when the mean temperature is lower than the base temperature. The indoor temperature adequate for human comfort is 18 o C, which was assumed as a base temperature in this study (Galindo et al. 2016 ).
Disaggregation of regional data on fossil fuel consumption
In many cases, statistics on fossil fuel consumption are available at the regional or district level, particularly for the residential sector. In our study, we allocate fossil fuels as activity data in this sector proportionally to energy demand for cooking and water and space heating, taking into account the data on access to energy sources, the percentage of living area equipped with central heating, and the data on hot water supply. The amount of fossil fuel consumed of the fth type (f∈{coal, natural gas, liquid gas, biomass/wood, …}) in an elementary object ξ i is determined as:
where A r, f is the amount of fossil fuel consumed of the f-th type in the r-th region; ter ∈ {urb, rur} characterizes the affiliation of the elementary object/settlement to an urban or rural area; r ∈ R is the set of administrative territorial units (regions); N r is the number of settlements in the r-th territorial unit; and d ter r;i; f is the disaggregation coefficient that is defined as follows: 
where ξ i ∈ S ter = S urb ∪ S rur is the set of elementary objects in the urban and rural areas; a ter r;m; f , b ter r;m; f , and c ter r;m; f are the percentages of energy demand for cooking, water heating, and space heating, respectively that are not covered from the centralized energy supply in municipality m ∈ M r ; k ter i; f is the accessibility of the f-th fuel in the elementary object ξ i ; Q c, i , Q w, i , and Q h, i are the energy demands for cooking and water and space heating, respectively, in each elementary object ξ i ; and EO is the particular settlement.
The accessibility of the energy source as defined here provides insights into the amount of this type of energy used in a particular spatial location. For example, natural gas is supplied through the centralized gas network. Thus, if some settlements or districts have no access to the network, households will cover their energy needs from other sources, such as burning liquid gas, wood, or other fuels. Therefore, natural gas consumption for this settlement will be equal to zero. The higher the percentage of the living area in the settlement that has access to the gas network, the higher will be the consumption, if there are no energy sources at a lower price.
The percentages of energy demand for cooking, water heating, and space heating that are not covered from centralized energy sources are defined based on statistical data available. For energy needed for cooking, we set the coefficient to 1. Energy needed for water heating depends on what percentage of the population has access to a centralized hot water supply, and the amount of energy needed for space heating depends on what percentage of houses are connected to the centralized heating network. This statistical data are available at the district level separately for urban and rural areas for most regions in Ukraine. In Poland, they are available at the municipality level.
The disaggregation coefficients for each of the sources of fossil fuel consumption will add up to 1 for all elementary objects within a region as follows:
This approach makes it possible to compute the activity data for each area-type emission source (settlement) based on known statistics at the provincial level, and taking into account some spatial proxy data such as urban and rural areas, the accessibility of each type of fuel, and the percentages of energy demand for cooking, water heating, and space heating, which are not covered from the public energy supply.
Estimation of GHG emissions
We estimate emissions of the g-th GHG from burning fossil fuel of the f-th type in each elementary object ξ i , using disaggregated activity data about fossil fuel consumption (A i, f ) as follows:
where E F g i; f is the emission factor of the g-th GHG for the f-th type of fuel in theξ i settlement, i.e., this parameter is not the same for all area-type emission sources because fuel characteristics differ depending on the production basin, the equipment used, etc. The total emissions for each administrative unit Z (municipality, district, or region) are calculated in CO 2 -equivalents using the global warming potential (GWP) of each GHG as expressed below:
where Fis a set of fuel types that are used in an administrative unit. Figure 3 shows the results of the spatial inventory of GHG emissions in the residential sector for Poland, where the largest GHG emissions can be observed in Polish cities, especially in Southern Poland (see the full results in Supplementary Materials).
Results

GHG emissions in the residential sector
Poland
The largest specific emissions (per km 2 ) are observed in Katowice and nearby areas, which are part of the Katowice conurbation (SLK) as well as in Warsaw (MAZ). The large cities in every region are represented by high emissions, mostly due to the high population density and the significant share of emissions from burning coal and biomass. According to the report on the state of forests in Poland (2012), specific emissions in the Lubusz (LBU) region are low as this region has the highest forest cover (49.1% of area) and a low population density. In terms of emission per capita, the Lubusz region is characterized by the lowest emissions (0.99 t/capita) compared to other regions, mainly due to better access to the natural gas supply network and a higher share of energy covered from this source. The largest emissions per capita are in the WKP and MAZ regions (1.63 t/capita in both regions). This is mostly due to coal and biomass being the main energy source used in these regions. The results are presented as specific emissions in CO 2 -equivalent (Fig. 3) and total emissions by fuel type (Fig. 4) ; however, the detailed structure of GHG emissions can be further explored by fuel type and GHG. Figure 5 shows the results of the spatial inventory of GHG emissions in the residential sector for Ukraine where the results show that more than 33.2% of GHGs are emitted in four regions: the Donetsk, Kyiv, Dnipropetrovs'k, and Luhans'k regions. The structure in GHG emission sources differs across the country and depends on the availability of energy sources.
Ukraine
Natural gas is the main energy source in Ukraine, which provides almost 42.1% of all energy. The production and processing of natural gas in the country is high as well as the imports from Russia. The prices are low compared to prices for other energy sources; therefore, it is heavily utilized in the steel industry, the energy production sector, and by district heating in the residential sector. As Ukraine has its own coal reserves, the total share of energy produced from this energy source in 2010 was over 28.3% (UkrSTAT 2017). Coal together with natural gas is used for thermal power stations for heat and electricity production, as well as for the individual energy needs of the household sector, where centralized energy Fig. 4 GHG emission structure by fuel type at the regional level (the size of the circles represents total emissions for the region, colors represent the fuel type and the share of the total emissions, thousand tons, CO 2 -eq, 2010) sources are not available. For example, as the coal mining industry is developed in Eastern Ukraine, this fossil fuel is more frequently used in the residential sector in these regions than in Western Ukraine (Fig. 6) .
The large areas in the northern part of the country are covered with forest, making wood a more accessible energy source in these regions. Therefore, the percentage of GHG emissions caused by burning biomass is higher in this part of Ukraine, compared with other territories. The highest emissions are in highly populated cities.
Comparison of the results for the two study areas
As the methodology developed here is flexible in terms of the input data used, we utilized all available and relevant data for each country in terms of maps and statistical information. In order to identify differences in the final results, we compared the GHG emission inventory results for bordering regions in Poland and Ukraine. As these regions have similar climatic conditions, consequently the energy demand per capita and the specific emissions are expected to be similar. The overall patterns in specific emissions in nearborder regions are comparable (Fig. 7) . The specific emissions in the Carpathian region are low in both countries, while specific emissions in large cities are at the same level in both countries. The distribution of the areas with very low emissions (below 100 t/km 2 ) is different in both countries. In the LUB and SWI regions, the emissions in larger areas are between 50 and 100 t/km 2 in large areas, compared to Ukraine, where in more grid cells the emissions are below 50 t/km 2 . This difference can be due to different population maps that were used for these countries as well as different spatial distributions of the population in both countries. The population density map for Poland (Gallego 2010 ) is based on municipality population data and land cover map, while the population map for Ukraine has been derived from detailed statistical information about population count at the settlement level for urban areas and uses district data for rural areas.
Validation of the results
The Polish statistical department collects data about coal and liquid gas consumption in the residential sector at the regional level and wood and coke consumption only at the national level. Only information about usage of natural gas by households is available at the municipality level, which we use not only for emission estimates but also for validation of our approach. For these reasons, we performed three main steps: (1) we aggregated the data to the regional level, (2) we disaggregated the data to the level of elementary objects using our approach, and (3) we compared values obtained here with the original statistical data.
In Ukraine, all the data about fossil fuel consumption are available either at a regional or national level. As the centralized statistical database does not contain detailed information at a finer than regional resolution, we have requested more detailed data from regional statistical departments. Only 3 out of 25 statistical departments shared data about wood consumption in the residential sector at the district level (others either did not respond or stated that the requested information is confidential). We used the data obtained for comparison with the results of the disaggregation.
Poland
The results of the validation exercise are presented in Table 2 . The results show high agreement between the statistical data and the disaggregated data on natural gas consumption in the residential sector in Poland. We fit a linear model of the form "statistical data ∼ 0 + Fig. 6 GHG emission structure by fuel type at the regional level (the size of the circles represents total emissions for the region, colors represent the fuel type and the share of the total emissions, thousand tons, CO 2 -eq, 2010) disaggregated data" for each region separately for urban and rural municipalities, setting the intercept term to zero. When the model output is close to the statistical data, the slope term is close to 1. The model fit is better for urban municipalities compared to rural or mixed (urbanrural municipalities). We use the adjusted R 2 as the criterion for judging how good our model performs, taking the degrees of freedom in the model into account. This performance measure can be between 0 and 1; the closer to 1, the better is the fit.
Ukraine
In order to understand differences between the disaggregation results obtained for wood consumption and the statistical data that were available for three regions in Ukraine, we visualized the magnitude of the differences together with forest cover data from the ESA-CCI (European Space Agency-Climate Change Initiative) land cover map for 2010 (Defourny et al. 2016) . We divided the statistical data by the disaggregated data (e.g., a value of 3 means that the reported wood according to the statistical data is three times higher than the amount produced by our model; see Figs. 8 and 9 ). These differences can be explained by specific details related to the Ukrainian statistics, i.e., the data are reported based not on the end-user consumption but allocated to distribution locations, which are mostly located in districts with dense forest cover (where forest cover is overlaid on the maps in Figs. 8 and 9 as black dots). These differences show that using the most detailed statistical data may not always produce accurate results due to the way in which these data are reported. Therefore, disaggregating data from the regional level to the elementary object may give better estimates of the spatial distribution of emission sources.
Comparison of results for Poland with the EDGAR global database
The results obtained for Poland were compared to the corresponding results from the EDGAR global database (Janssens-Maenhout et al. 2017) , which has a grid size of 6.7 × 11 km at the latitude of Poland (Fig. 9) . From this database, we used the data for the 1A4 sector according to the IPCC classification (IPCC 2006) . For comparison, only those EDGAR cells that completely covered the territory of Poland were selected (Fig. 9a) . The EDGAR data set contains gridded estimates for the IPCC 1A4 category, including emissions from categories 1A4a (commercial/institutional), 1A4b (residential sector), and 1A4c (agriculture/forestry/ fisheries). In our study, we focused only on emissions from the residential sector. In order to make our estimates comparable spatially with EDGAR's 1A4 data, we adjusted the original high-resolution results at the level of emission sources/polygons (Fig. 9d ) by multiplying it with the scaling factor to take into account also emissions from categories 1A4a (commercial/ institutional) and 1A4c (agriculture/forestry/fisheries). Emissions from these categories are significantly lower than emissions in the residential sector, and their spatial pattern depends on the same proxy data such as meteorological conditions, population density, and availability of energy sources. Our results at the level of emission sources/polygons were then aggregated to the EDGAR grid cells using a proportional sum operation.
In general, both results reflect larger emissions in densely populated industrial territories and smaller ones in less populated areas of the northwest and northeast. EDGAR reflects larger emissions in big cities while our results demonstrate somewhat lower emissions in these cities, but larger emissions in areas where rural municipalities dominate. This can be explained as follows, since in big cities, a significant share of space and water heating energy is supplied publicly and it is counted in the emission category "public heat production" (according to the IPCC (2006) guidelines). Therefore, per capita emissions in the residential sector should be lower here. Figure 9e presents an almost uniform distribution of per capita emissions, while Fig. 9f clearly shows lower magnitudes of this parameter in big cities, but larger magnitudes in rural areas where there is no centralized heat production. This difference in per capita emissions is also observable from Table 3 , which shows that in the residential sector in large cities, a significant share of the thermal Fig. 8 Comparison of statistical data with the results of the disaggregation of wood consumption from the regional to the district level for the Volyn (a), Ivano-Frankivsk (b), and Rivne regions (c), 2010, in colors-statistical data divided by the estimated values of emissions using our modeling approach; black dots denote forest cover from the ESA-CCI land cover map energy is provided centrally; in addition, in multi-story houses, there is much less heat energy loss. Instead, this proportion increases when the results are averaged for all urban, urban-rural, and rural municipalities. Our approach also provides the possibility to analyze the structure of emissions by major types of fuel (Fig. 10) . For each fuel, the spatial pattern of emissions is significantly different due to the availability of certain types of fuel and other factors. The largest emissions in Poland Fig. 9 Comparison of the results of the spatial analysis of CO 2 emissions in the 1A4 sector in Poland from the following: EDGAR (a); GESAPU aggregated to the EDGAR grid, without wood (b); an example of the original EDGAR cells in very urbanized areas of the Silesian region (c); the original polygons of the GESAPU approach in this area; e the same emissions per capita for EDGAR data (d); and GESAPU results aggregated to the EDGAR grid (Mg, 2010) (f) are caused by coal (Fig. 10a) , which again emphasizes the significant dependence of the national economy on this type of fuel.
Calculation of uncertainty
As the results of the spatial inventory in the residential sector are based on a set of input parameters that are not certain, it is important to report the uncertainty in our estimates. There are two common approaches to estimating uncertainty-error propagation and the Monte Carlo method. The first method is used in cases where the input values are small and normally distributed. As our input data are characterized by normal or log-normal distributions, we use Monte Carlo methods to evaluate uncertainty intervals.
There are three main sources of uncertainty when estimating GHG emissions in the residential sector at the regional level: uncertainty in the statistical data (normal distribution, 95% confidence interval), calorific values (normal distribution, 95% confidence interval), and emission factors (CO 2 -normal distribution, CH 4 and N 2 O-log-normal distribution; 95% confidence interval). The quality of the statistical data and therefore its uncertainty usually depends on the sector of activity and on how well developed the statistical reporting system is. According to IPCC, countries with better developed statistical systems account for around 4% of uncertainty (e.g., Poland), while in other countries with 10% or more uncertainty (e.g., Ukraine), the values are normally distributed. The second source of uncertainty is calorific values, which are used to convert the amount of fuel to energy units. These values are normally distributed, and the uncertainty ranges differ for different energy sources.
In order to combine all sources of uncertainty, we used a Monte Carlo method to sample random variables from normal and log-normal distributions. The implementation of the method is done using the R statistical package. We considered a 95% confidence interval for estimating uncertainty in the emissions. We assessed the uncertainty at the regional level as most of the data about energy consumption are disaggregated from this level downwards.
Based on the results obtained, the highest absolute uncertainties are found in the Mazowian region (MAZ) followed by the Great Poland (WKP) and Silesian (SLK) regions (Fig. 11) . The relative uncertainties are similar across the regions and are between 12.4 and 18.0%. As the main energy source in Ukraine is natural gas, the absolute uncertainties are smaller than in Poland. The highest absolute uncertainties are in Donetsk (DT), Dnipropetrovsk (DP), Kyiv (KV), and Lviv (LV) regions (Fig. 12) . The relative uncertainty ranges are similar in all the regions, and are about 11.5% for the lower range of the uncertainty interval and below 11.7% for the upper range. In Ukraine, the uncertainty of emissions from burning coal in the residential sector is between 19.9 and 22.8%, natural gas-11.4 to 11.7%, and biomass-53.6 to 88.8%, while in Poland, the uncertainty of GHG emissions in CO 2 -equivalent from burning coal is between 19.3 and to 22.2%, natural gas-around 4.4%, and biomass-51.5 to 81.3%.
Discussion and conclusions
In this study we presented a method for estimating GHG emissions in the residential sector at a high spatial resolution. As our approach is generic, it can be applied to other countries and further adapted when different statistical and spatial data are available and for different levels of aggregation. We demonstrated that the approach can be applied to two countries with different statistical information and population density maps. A comparison of results in the bordering regions between the two countries shows that specific emissions are at the same level in both regions as they have similar population densities, climate conditions, and energy demand. Because population is the most important proxy in our approach, we decided to use population density maps rather than other free spatial data, such as that collected by crowdsourced initiatives such as OpenStreetMap (Mooney and Minghini 2017) . Such crowdsourced data sets are available at a more detailed level but are usually incomplete. Even if they were available and complete for a particular country of interest, the approach developed here for this level of disaggregation would not be easily transferable to other geographical regions where spatial data may be missing. In contrast, settlement maps and population data exist for most countries. Therefore, the method developed here could potentially be applied to a larger area with some minor modifications accounting for regional specifics and the availability of statistical data.
In contrast to other approaches where proxy data are used to disaggregate GHG emissions, our method provides estimates of emissions at the elementary object level. Such results can be used as additional information for pollution estimates and can be linked to the output from other models, e.g., Amann et al. (2011) , to obtain additional insights on the spatial emission structure. In combination with other results from the GESAPU project, the results can be used as a proxy in other approaches, such as those based on inverse modeling or nighttime lights data, to obtain the structure of emissions by sectors.
Spatial estimates of GHG emissions can be useful to support policy decisions focused on emission reductions in different regions. Furthermore, the knowledge of the spatial distribution can help to determine the contribution of individual communities to the total emissions of the country. Moreover, it can provide information to policymakers in what areas to prioritize Fig. 11 Uncertainty of GHG emissions in CO 2 -equivalent for the main energy sources used in the residential sector in Poland. Bars-upper and lower ranges of GHG emissions from burning different fuels, Tg, CO 2 -eq, 2010 (a). Total GHG emissions from burning coal, natural gas, and biomass at the regional level in CO 2 -eq, Gg, 2010 (b) interventions that could stimulate energy efficiency investments in buildings. Dissemination of these results to local communities may raise the awareness of citizens regarding their GHG emission footprint and initiate a discussion of possible emission reduction strategies at the local level.
